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Develop a plan for generating 
validation test cases, identify 
fundamental experiments and 
identify computational challenge 
problems

Understand the cause and 
effects of particle clustering.  
The effect of particle clustering 
on drag, collisions and gas-phase 
turbulence modulation are 
needed

Provide detailed CFB data on at 
least two scales.  The 
experiments must have well-
defined entrance, exit and 
boundary conditions.  Should 
report detailed data for local 
pressure, velocities ...

Use large flow facilities to elucidate 
the effect of particle size 
distribution on flow.  Determine 
lateral distribution of wall or 
internals by particle impact

Develop experimental 
techniques for gaining 
information from deep into 
opaque multiphase 
mixtures

Measure spatial 
variation of PSD

Train adequate 
number of graduate 
students in this area
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Project Scope

Monday, April 20, 2009



PSRI

Project Scope

4.4 Cluster probe    
      development
4.5  High-velocity     
      fluidized bed 
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PSRI

Objectives

• Provide extensive riser data for on-going 
modeling efforts

• PSRI challenge problems

• NETL riser data

• This effort

• Examine the role of particle segregation in 
riser hydrodynamics
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Background

• Sand in 8-inch diameter x 72-foot riser
• Segregation observed at intermediate 

solids fluxes
• Smaller particles at center, larger 

particles at the wall
• Segregation only occurred with a 

downflow condition
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Karri, S.B.R., Knowlton, T.M., “Flow Direction and Size Segregation of 
Anulus Solids in a Riser,” Fluidization IX, Durango, CO, 1998, p. 189.
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Proposed DOE

12” ID x 60’
PSRI Riser

Standard
Configurations

Sand Narrow

Polyethylene

Glass A Broad

2 uo & 2 Gs Full Factorial DP/L, ε(r), Gs(r), He RTD, Clusters

DP/L, ε(r), Gs(r), He RTD, Clusters

DP/L, ε(r), Gs(r), He RTD, Clusters, HSV

8” ID x 72’
PSRI Riser

Standard
Configurations

Glass A Narrow

Glass B Narrow

DP/L, ε(r), Gs(r), He RTD, Clusters

DP/L, ε(r), Gs(r), He RTD, Clusters

Unit Configurations Materials Conditions No. of Exp.
12” ID x 60’ 1 7 4 28

8” ID x 72’ 1 3 4 12

Glass A Narrow

Glass B Narrow

Glass B & PE

Glass A & B

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

DP/L, ε(r), Gs(r), He RTD, Clusters, HSV

DP/L, ε(r), Gs(r), He RTD, Clusters, HSV

DP/L, ε(r), Gs(r), He RTD, Clusters, HSV

DP/L, ε(r), Gs(r), He RTD, Clusters, HSV

Glass Mixture

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial

2 uo & 2 Gs Full Factorial DP/L, ε(r), Gs(r), He RTD, Clusters
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Equipment

Risers have been 
designed to provide 
symmetric profilesPSRI 12” ID x 60’ Riser

PSRI 8” ID x 72’ Riser
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Particle Properties

Particles dp50, μm
Density, 
kg/m3 Sphericity Images

Sand

Polyethylene

Glass Beads

223/321 2650 Not

~700 800 Near 1

170/710 2500 Near 1
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Particle Size Distributions
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Techniques (Response)
• Axial pressure drop

• Emulsion density as ΔP/L
• Solids concentration profile

• Fiber optics and pitot tube
• 5 axial positions by 11 

radial positions in two 
directions (NS-EW)

• High speed video
• 1 axial position by 2 

radial positions
• Solids flux

• Extraction probe
• 5 axial positions by 11 

radial positions in two 
directions (NS-EW)

• Particle velocity and velocity 
fluctuations
• High speed video

• 1 axial position by 2 
radial positions

• Cluster size
• Fiber optic probe and 

wavelet decomposition
• High speed video

• Helium RTD
• Feed injections
• Riser exit detection
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PSRI

Standard Techniques
• Pitot tube

• Dynamic pressure corresponds to 
particle velocity

• Extraction probe
• Solids flux via mass flow rate 

corrected for cylindrical effects
• Local solids concentration can be 

obtained with particle velocity 
measurements

• Samples will be used for segregation 
study

• Fiber optical probe
• Local solids concentration
• Cluster size

• Wavelet decomposition (Guenther 
& Breault)

• Helium tracer
• Gas residence time distribution

• Dispersion

Pitot Tube

Extraction Probe

Fiber Optic Probe

5 axial positions by 11 radial 
positions (NS & EW)

Helium Tracer
Monday, April 20, 2009
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Borescope Probe

• Olympus R100-038-000-50 Industrial 
Rigid Borescope
• 38 cm effective length
• 50° field of view

• 5 to ∞ mm depth of field

• 6-mm diameter Optical Glass Spacer
• With stainless steel Guard Collar 

(not shown)
• Liquid Filled Light Guide
• External lighting
• High speed camera ready

6 mm Diameter Optical Glass Spacer (Guard Collar Removed)
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PIV Measurements:  NETL’s HSPIV

Tracking is based on 
at least 5 subsequent 

frames

PSRI’s 8-inch dia x 
72-feet riser with 

FCC powder
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PSRI

Cluster Velocities
• Clusters 

determined by 
lower velocities 
AND higher solids 
concentrations

• Cluster Velocities 
measured at 12 to 
24 ft/sec (3.7 to 7.3 
m/sec)

• 50% lower than 
the mean particle 
velocity
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r=0 r=1 r=2 r=3 r=3.5

Imaging the Core-Annulus Profile
60 ft/sec & 80 lb/ft2-sec

Core Wall

r=0 r=1 r=2 r=3 r=3.5

30 ft/sec & 10 lb/ft2-sec

Core Wall

Slower particle velocities means we can use higher resolutions

9.1 m/sec & 50 kg/m2-sec 18.3 m/sec & 400 kg/m2-sec

FCC Powder in PSRI’s 8-Inch Dia x 72-Foot Riser
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Recent Results
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PSRI

Recent Results
Axial Density Profile Radial Solids Loading Profile

Radial Particle Velocity Profile Radial Solids Flux Profile

15 m/sec and 50 kg/m2-sec in 30-cm (12-Inch) Dia. Riser 
with 170 micron Glass Beads

12.9 m (42.5’)

!
!
!

!
!

!

!

!

!

!

"
"
"

"
"

"

"

"

"

"

0 20 40 60 80 100
0

5

10

15

#P!L, kg!m3

He
ig
ht
,m

" Case B

! Case A

!

!

!!
!

!
!

!

!

!
!

"

"

""

""
"

"

"""

!1.0 !0.5 0.0 0.5 1.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

r!R

"
Lo
ad
in
g

" East West

! North!South

!!

!

!!

!

!

!

!

!!
""

"

"

""

"
"

"

""

!1.0 !0.5 0.0 0.5 1.0
0

5

10

15

20

25

30

35

r!R

Pa
rti
cle

Ve
lo
cit
y,
m
!sec

" East West

! North!South !

!!

!

!

!

!

!

!!
!

"

"

"

"

""
"

"

"
""

!1.0 !0.5 0.0 0.5 1.0
0

20

40

60

80

100

r!R

So
lid
s
Fl
ux
,k
g!m2

se
c

" East West

! North!South

Monday, April 20, 2009



PSRI

!

!

!

!!!!

!

!

!!

"

"

"

"

"

"

"

"
""

"

!1.0 !0.5 0.0 0.5 1.0
0

5

10

15

20

25

30

35

r!R

Pa
rti
cle

Ve
lo
cit
y,
m
!sec

" East West

! North!South

!

!

!!!!!
!

!

!

!

!

"
"

"
"

"
"

"
"

""

!1.0 !0.5 0.0 0.5 1.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

r!R

"
Lo
ad
in
g

" East West

! North!South

Recent Results
Axial Density Profile Radial Solids Loading Profile

Radial Particle Velocity Profile Radial Solids Flux Profile

15 m/sec and 50 kg/m2-sec in 30-cm (12-Inch) Dia. Riser 
with 170 micron Glass Beads

5.0 m (16.5’)
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Recent Results
Axial Density Profile Radial Solids Loading Profile

Radial Particle Velocity Profile Radial Solids Flux Profile

15 m/sec and 300 kg/m2-sec in 30-cm (12-Inch) Dia. Riser 
with 170 micron Glass Beads16.6 m (54.5’)
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Recent Results
Axial Density Profile Radial Solids Loading Profile

Radial Particle Velocity Profile Radial Solids Flux Profile

15 m/sec and 300 kg/m2-sec in 30-cm (12-Inch) Dia. Riser 
with 170 micron Glass Beads

12.9 m (42.5’)
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Recent Results
Axial Density Profile Radial Solids Loading Profile

Radial Particle Velocity Profile Radial Solids Flux Profile

15 m/sec and 300 kg/m2-sec in 30-cm (12-Inch) Dia. Riser 
with 170 micron Glass Beads

5.0 m (16.5’)

!
!!!!!!

!

!

!!

"

""""""""

"

"

#
#

#
#

####

#
#

#

$

$
$$$$$$$

$

$
!1.0 !0.5 0.0 0.5 1.0

!600

!400

!200

0

200

400

600

r!R

So
lid
s
Fl
ux
,k
g!m2

se
c

$ E!WDownflow
# E!WUpflow
" N!S Downflow
! N!S Upflow

!
!

!
!!!!!

!

!

!

"

""
"""""

"

"

"

!1.0 !0.5 0.0 0.5 1.0
0

2

4

6

8

r!R

"
Lo
ad
in
g

" East West

! North!South

!
!

!
!

!

!

!

!

!

!

"
"

"
"

"

"

"

"

"

"

0 100 200 300 400 500 600
0

5

10

15

#P!L, kg!m3

He
ig
ht
,m

" Case B

! Case A

Monday, April 20, 2009



PSRI

Particle Segregation

8.4 m (27.5’)

170 micron Glass Beads in 30-cm (12-Inch) Dia. Riser
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PSRI

Summary
• High speed video probe has been developed to obtained 

particle concentrations and velocities as well as cluster sizes 
and velocities beyond the wall
• Probe has been demonstrated with FCC catalyst in PSRI’s 8” 

diameter riser
• Probe has also been used for clusters in and above fluidized 

beds (see Frank Shaffer’s presentation)
• Validation experiments are currently underway for seven 

materials (or blends), two velocities, two solids fluxes and two 
risers
• Detailed data is being collected 

• Axial density profiles, 
• Radial particle concentrations, velocities, fluxes,  and size/

density segregation data
• Cluster sizes and velocities
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